A study of electrically active traps in AlGaN/GaN high electron mobility transistor We have studied electron conduction mechanisms and the associated roles of the electrically active traps in the AlGaN layer of an AlGaN/GaN high electron mobility transistor structure. By fitting the temperature dependent I-V (Current-Voltage) curves to the Frenkel-Poole theory, we have identified two discrete trap energy levels. Multiple traces of I-V measurements and constant-current injection experiment all confirm that the main role of the traps in the AlGaN layer is to enhance the current flowing through the AlGaN barrier by trap-assisted electron conduction without causing electron trapping. 4 has suggested that there exist electrically active traps both in the bulk of AlGaN and at the AlGaN/GaN interface, and these traps may be energetically located within a band of 0.5 eV below the conduction band minimum (Ec) of AlGaN. In this Letter, we present the extraction of trap energy levels by fitting the temperature dependent I-V curves to the Frenkel-Poole (F-P) conduction theory. In addition, the role of these traps in electron transport is also discussed.
Shown in Fig. 1 is the AlGaN/GaN based HEMT structure under study, along with the measured multi-frequency C-V (Capacitance-Voltage) curves. A 300 nm-thick smooth GaN layer and a 23 nm-thick 28% AlGaN layer are sequentially grown on the rough layer of an 150 nm-thick GaN in a Veeco rf-plasma molecular beam epitaxy system. Ti/Au is deposited as the gate electrode by the use of an e-beam evaporator. The detailed device fabrication process and the I-V characteristics for a similar HEMT device have been reported elsewhere. [4] [5] [6] Figure 2 shows the temperature dependent J-V characteristics measured in a wide temperature range, from 300 K to 570 K. In order to see whether these J-V curves fit the F-P conduction model expressed in Eq. (1), one needs to know the electric field in the AlGaN, which can be approximated by the use of Eq. (2)
where J is the current density, U B is the field-effect trap energy, and E is the electric field in the tunnel barrier (which is AlGaN in this case, and the corresponding electric field is denoted as E AlGaN herein)
where r p is the fixed polarization charge; e is the dielectric constant of AlGaN; n 2DEG is the density of the 2DEG (Two Dimensional Electron Gas) as a function of the gate voltage, which can be obtained by integrating the C-V curve shown in Figure 1 (Refs. 8 and 9). As Eq.
(1) can be rearranged into the following forms:
a linear dependence of ln(J/E AlGaN ) both on (1/T) and on E AlGaN 1 =2 would strongly suggest that the electron conduction is governed by the F-P conduction mechanism, and we will see next that this is indeed the case. As shown in Fig. 3 temperatures ranging from 300 K to 570 K. Furthermore, Fig. 4(a) shows that ln(J/E AlGaN ) is also linearly proportional to (1/T) for each specific E AlGaN used in this study. The field-dependent U B for each specific E AlGaN can be readily obtained from the slope of the temperature-dependent F-P characteristics shown in Fig. 4(a) . It is interesting to note that the linear fitting in Fig. 4 (a) exhibits two slopes for each specific electric field in the temperature range of 300 K-390 K, and 429 K-570 K, respectively. Based on the two slopes, we plot the resulting U B as a function of E AlGaN 1/2 in Figs. 4(b) and 4(c), respectively. The intrinsic trap energy without the field effect, U B0 , is then obtained by extrapolating to zero field. 10 As shown in Figs. 4(b) and 4(c), two discrete intrinsic trap energies are obtained: U B01 ¼ 0.28 eV and U B02 ¼ 0.45 eV below the Ec of the AlGaN. The aforementioned conduction mechanism and the extracted trap energy levels are consistent with the findings in Ref. 11 . The result is also in good agreement with the 0.5 eV energy band of the electrically active traps in the AlGaN barrier identified in our previous ETS study. 4 The physical origin of these traps is still being investigated, but it could be caused by defects related to oxygen 12, 13 or alloy fluctuations. 14 To examine the role(s) of these traps in the current conduction mechanism, we carried out repeated I-V measurements following constant-electron-current injection on the same device. Fig. 5 shows 5 traces of J-V curves as the gate voltage is swept repeatedly from 0 V to À5 V. The fact that the multiple J-V traces fall on top of one another is a good indication that the electrons passing through the AlGaN barrier are not trapped by the existing electron traps. For the constant-current injection experiment, two current levels, 1 lA/cm 2 and 100 lA/cm 2 , are chosen (as indicated by the dashed lines in Fig. 5 ) while the change in the gate voltage is monitored during the injection period. As shown in the inset of Fig. 5 , the gate voltage remains basically unchanged after a total fluence of 1.2 C/cm 2 of electron injection, indicating negligible net electron trapping. These results suggest that electron conduction across the AlGaN barrier is dominated by F-P hopping through the traps without trapping, as depicted in the middle of Figure 2 .
In summary, we have identified F-P conduction as the main trap-assisted electron transport mechanism through the AlGaN barrier, and based on the temperature and fielddependencies of the J-V characteristics, we are able to extract the trap energy levels, which are consistent with the findings of our previous ETS study. The primary role of the electrically active traps in the AlGaN barrier of the AlGaN/GaN HEMT has been determined to enhance 
